Eight Holstein steers (four at 300 kg, four at 406 kg) fitted with an elevated carotid artery, hepatic portal and mesenteric venous catheters, and abomasal and ileal cannulas were used in several 4 x 4 Latin square experiments to evaluate small intestinal starch digestion. They were fed alfalfa hay at 1.5% of BW and abomasally infused with water or glucose, corn starch or corn dextrin (one carbohydrate per Latin square) at 20,40 or 60 g/h, with subsequent determination of small intestinal disappearance and net portal glucose absorption. Increasing the amount of all three carbohydrates infused abomasally increased the amount of carbohydrate disappearing in the small intestine. Increased infusion of glucose caused a continual increase (linear, P e .01) in net glucose absorption, whereas net glucose absorption for starch and dextrin was maximal at the 20 g/h infusion (quadratic, P c .05). With the 60 g/h infusion, 94% of the glucose but only 38% of starch and 29% of small intestinal dextrin disappearance could be accounted for as net glucose absorption, leaving a large portion of starch and dextrin disappearance unaccounted for. Of the infused starch and dextrin passing the ileum, 5.8 and 7.3%, respectively, was unpolymerized glucose, indicating that, at least in the distal small intestine, complete starch hydrolysis exceeded the capacity for glucose disappearance. It is concluded that only about 35% of the raw corn starch disappearing in the steer's small intestine resulted in net portal glucose absorption.
quantified simultaneously in any of the cited studies. In several instances, carbohydrates were administered as a pulse dose, which may not apply to starch flow in the fed animal, or only one level of carbohydrate was administered, making it difficult to evaluate various processes.
The objective of this study was to evaluate small intestinal starch digestion in steers by determining glucose absorptive capacity of the small intestine, the contribution of small intestinal carbohydrate disappearance to net portal glucose absorption, and the effect of starch granular structure on these processes.
Materials and Methods
Animals and Design. Eight Holstein steers (four at 300 kg BW, four at 406 kg BW) were fitted surgically with permanent hepatic portal and mesenteric venous catheters (Hamon et al., 1985) , an elevated carotid artery, an ileal T-type cannula (60 to 90 cm anterior to the ileo-cecal junction) and a catheter7 in the mid portion of the abomasum that was exteriorized through the adjacent body wall. All surgeries were conducted aseptically under general anesthesia using halothane. Steers would usually consume alfalfa hay at greater than 1% BW within 2 to 3 d following surgery. An additional 10 to 14 d of recovery from surgery was allowed prior to the start of an experiment.
Steers were used in several 4 x 4 Latin squares. Glucose*, raw corn starch*, corn dextrin* or water was continuously infused into the abomasum for 10 h. This 10-h infusion made up a sampling period of the Latin square, and only one carbohydrate was evaluated per Latin square. The four treatments within each Latin square included a continuous abomasal infusion of either water or the carbohydrate at 20, 40 or 60 g/h. The infusions for each Latin square were conducted on four consecutive days with at least 3 d of noninfusion between each Latin square. With the group of 300-kg steers, we completed two Latin squares of glucose infusion and two 7Bard Urological Division, ( Latin squares of corn starch infusion. With the 406-kg group, we completed one Latin square of glucose infusion, one Latin square of corn starch infusion and two Latin squares of corn dextrin infusion. Corn dextrin is prepared by partial acid hydrolysis while heating. After this process is completed, the starch ganular structure no longer exists, but the glucose remains polymerized to a great extent, meaning that pancreatic and small intestinal carbohydrases are still required for dextrin hydrolysis.
Animal Care. Steers were fed chopped alfalfa hay (18.1% CP) at 1.5% of BW (DM basis) in two portions daily (0800 and 1700) and were allowed ad libitum access to fresh water and a trace mineralized salt block9. Any feed refusals were collected, weighed and
The four steers used initially (300 kg) were housed in a totally confined environment kept at constant temperature (25'C), lighting and humidity. They were tethered in tie stalls (2 m x 3 m) on rubber mats. Steers were cleaned twice daily. They were allowed to graze dormant grass (2 h) twice weekly on an adjacent lawn. Experiments took place in December and January.
The steers in the second group (406 kg) were penned individually (3.5 m x 4 m) in a totally enclosed bam. The pens had dht floors, and dry wheat straw bedding was in the pens at all times. The bam had adjustable natural flow air vents but no supplemental heat. On infusion days, steers were placed in tie stalls located adjacent to their pens. Tie stalls (2 m wide) had concrete flooring and a rubber mat. The steers remained in their tie stalls only during the 10-h infusion period, and on infusion days they received their 0800 meal in the tie stalls. Experiments took place from March through May.
Sampling Procedures. Steers were infused abomasally beginning at 0700 with 250 ml of solution per hour for the entire 10-h period. The solution consisted of 5% Cr:EDTA (VOU vol; Binnerts et al., 1968) and tap water for controls, plus the appropriate amount and type of carbohydrate for treatments. Corn starch and corn dextrin were kept suspended in solution by continuous stirring during the infusion period. A peristaltic infusion pumplo fitted with Tygon@ pump tubes (i.d 2.79 mm) was used.
From h 3 to 10 of abomasal infusion, eight discarded daily.
ileal digesta samples were collected at approximately hourly intervals (100 to 200 g). Ileal
pH was recorded, and 10 M NaOH was added (.5 ml NaOH:100 ml digesta) to inactivate any residual carbohydrase activity in the digesta by raising the pH above 10. The samples were mixed with the NaOH and frozen (-2o'C) for later analysis. Net portal glucose absorption (portal-arterial plasma concentration difference x portal plasma flow) was measured at 1.5-h intervals between h 3 and 9 of abomasal infusion (five sets of samples). Portal plasma flow was determined as described by Gross et al. (1988) .
Fifteen milliliters each of arterial and portal venous blood were collected simultaneously into heparinized syringes, transferred to 5@ml centrifuge tubes containing 30 mg NaF and put on ice. Ten milliliters of whole blood were centrifuged, and the plasma was harvested and analyzed for p-aminohippuric acid and glucose as described by Gross et al. (1988) . Whole blood (5 ml) was frozen (-2WC), and a sample from one 4 x 4 Latin square of dextrin infusion was analyzed later for VFA concentration, using procedures outlined by Gross et al. (1988) .
Ileal digesta were analyzed for DM (48 h at 65°C) and starch as described by Gross et al., (1988) . A portion of ileal digesta was cmtrifuged at 15,000 x g for 10 min, and the supematant fluid was saved. That fluid was analyzed for Cr by atomic absorption spectroscopy'' and glucose as described above; a portion was combined with 25% (-01) metaphosphoric acid (four parts supematant: one part metaphosphoric acid) for VFA analysis . Ileal flow was determined by dividing the abomasal Cr infusion rate by ileal fluid Cr concentration for each ileal sample. Cr appeared in ileal digesta between 3 and 4 h after the start of abomasal infusion. Ileal digesta samples containing no Cr were excluded fiom the statistical analysis.
Staristical Analysis. Means were generated for each steer within a sampling period by averaging the values of all blood samples and ileal samples containing Cr. Data were analyzed using GLM procedures of SAS (1985) . separately with a model that included steer, period and infusion level. Infusion level effects were similar for each of the three Latin squares of glucose infusion (eight steers), the three Latin squares of corn starch infusion (eight steers) and the two Latin squares of corn dextrin infusion (four steers).
Data then were pooled within carbohydrate to reduce separate analyses to three. In order to determine whether the Latin squares could be pooled in an analysis for each carbohydrate, we tested for the Latin square x infusion level interaction. Because this term was not significant, it was dropped from the model and included in the error term. Pooled data then were analyzed with a model that included steer, period and infusion level. Sums of squares for infusion level were further partitioned into linear, quadratic and cubic effects.
Preliminary Procedures and Methodology. It was our intent to infuse each carbohydrate at a level that would allow it to flow past the ileum. Preliminary infusions of starch or glucose at or greater than 80 g/h for 10 h frequently resulted in very soft feces to watery diarrhea. Therefore, we chose 60 g/h as the highest level of carbohydrate to be infused. With this amount, diarrhea would not develop and appreciable amounts of infused carbohydrate would still pass the ileum (10 to 25 a).
We fed the steers alfalfa hay to minimize the amount of alpha-linked glucose polymer (starch) flowing to the small intestine fiom the dietary source; feed intake was limited to 1.5% of BW (DM basis) to prevent large fluctuations in intake and small intestinal transit time that might occur with higher intakes. Owens et al. (1986a) reported that in steers fed an alfalfa hay diet, duodenal liquid flow was 278% greater and small intestinal digesta transit time was 8.5% shorter than in steers fed a cottonseed hull diet. Therefore, it is important to note that if duodenal liquid flow and small intestinal transit time influence small intestinal starch digestion, then our data might differ had we fed a basal diet other than alfalfa hay.
Infusing and sampling steers daily for four consecutive days was judged an acceptable sampling protocol because there was never any detectable Cr in ileal fluid, and arterial glucose levels always returned to baseline levels by 14 h after abomasal infusion had ceased. 
Results
Figure 1 illustrates the mean ileal fluid flow and glucose flow from h 4 through 10 of abomasal infusion. Values were averaged across the three Latin squares when glucose was infused at 60 g/h. These values did not differ across sampling time (P > .05), indicating that conditions were close to "steady state." Therefore, values obtained for each ileal digesta sample containing Cr were averaged within a day to determine ileal flow.
Glucose Infusion. Steers infused with glucose consumed an average of 4.9 kg of alfalfa hay daily during infusion periods, and DMI was similar for all infusions and control ( Table  1) . As abomasal glucose infusion increased, there was a linear increase (P c .01) in arterial glucose and net glucose absorption, a linear decrease (P c .01) in ileal digesta pH and a quadratic increase (P e .01) in ileal digesta glucose concentration. Acetate and total VFA concentrations in ileal digesta also responded with a quadratic increase (P c .lo) as the amount of glucose infused increased.
There were no differences in ileal digesta flow, fluid flow or DM flow in response to abomasal infusions (Table 1. ). The amount of glucose flowing past the ileum continually increased (quadratic, P < .01) with increasing abomasal glucose infusion; however, the amount of VFA flowing past the ileum increased as abomasal glucose infusion increased up to 40 g/h then decreased to its lowest value with the 60 g/h infusion.
Starch Infusion. Steers consumed an average of 4.4 kg of alfalfa hay daily during the starch infusions, and DMI was similar for all infusions and control ( Table 2) . Arterial glucose concentration increased linearly (P c .05) with increasing abomasal starch infusion.
Portal plasma flow was greater when 20 or 40 g/h of corn starch was infused than when 60 g/ h of corn starch or water was infused (quadratic, P c .05). Net glucose absorption increased quadratically (P < .05) with increasing corn starch infusion. The most dramatic increase occurred with the 20 g/h corn starch infusion compared to the control.
As abomasal corn starch infusion increased, ileal pH declined linearly (P < .01) and ileal digesta DM increased linearly (P c .01). Ileal fluid glucose concentration (linear, P c .01) and ileal digesta starch content (quadratic, P e .05) also increased (Table 2) . Ileal fluid acetate concentrations, total VFA concentration, digesta flow and fluid flow were similar across treatments. There were increasing amounts of DM (linear, P < .Ol), glucose (linear, P c .01) and corn starch (quadratic, P c .01) flowing past the ileum with increased corn starch infusion. The amount of total VFA flowing past the ileum was similar for all infusions. Corn Dextrin Infusion. Steers consumed an average of 5.1 kg of alfalfa hay daily when corn dextrin was infused (Table 3) . With increasing abomasal corn dextrin infusion, arterial glucose concentration and net glucose absorption increased quadratically (P < .05), ileal digesta pH declined linearly (P < .01) and the DM content of ileal digesta increased linearly (P < .01). Increased corn dextrin infusion also resulted in a linear increase in ileal fluid glucose concentration (P < .Ol), ileal digesta corn dextrin concentration (P < .01) and ileal fluid acetate and total VFA concentrations (P < .IO). Digesta flow, fluid flow and DM flow were similar across treatments, but increased amounts of glucose (quadratic, P < .05) and corn dextrin (lineax, P < .01) flowed past the ileum with increasing abomasal corn dextrin infusion. The amount of VFA flowing past the ileum was unaffected by corn dextrin infusion. Similarly, blood VFA analysis for the second square of corn dextrin infusion indicated no differences (P > .lo) in concentrations or net flux of any of the VFA. Overall means were 860, 241, 51 and 29 mmom for acetate, propionate, Ccarbon and 5carbOn VFA, respectively.
Discusston
Experimental Model. Infusion periods lasting 10 h coupled with feeding of chopped alfalfa hay diets raises two valid concerns. Were the glucose absorptive capacity and carbohydrase activities of the small intestine representative of steers consuming a high-grain diet? Presumably there may be dietary and(or) adaptive mechanisms involved.
Previous research (Russell et al., 1981; Janes et al., 1985b) has shown that in ruminants, diet has little effect on small intestinal disaccharidase activities, but that pancreatic a-amylase is greater in ruminants fed grain than in those fed forage. Recent research (Kreikemeier et al., 1990) demonstrates that greater a-amylase activities associated with grain feeding are due to the increased energy intake. In fact, at equal energy intakes, hay-fed steers had almost 75% greater pancreatic a-amylase activities than grain-fed steers.
Perhaps of greater concern is whether or not there is an adaptation to glucose transport from the small intestinal lumen. If there is, our results might have been different had we employed longer infusion periods. However, we are unaware of data addressing intestinal adaptation of glucose transport in ruminants; it is certainly a point requiring future consideration. Net Glucose Absorption. Net glucose absorption was negative in all three experiments when no carbohydrate (only water and Cr: EDTA) was infused. This indicates that a p preciable quantities of glucose were being used for gut metabolism. Huntington and Reynolds (1986) also reported that increasing abomasal glucose infusion caused plasma glucose concentration and net glucose absorption to increase and that net glucose absorption was greater when glucose was infused than when starch was infused.
Our data and those of Huntington and Reynolds (1986) are in agreement with earlier reports that blood glucose concentration is greater when glucose is infused than when starch is infused (Larsen et al., 1956; Huber et al., 1961; Wright et al., 1966; Pehrson et al., 1981) , and in some cases, infusing starch had no effect on glucose concentration in blood obtained from either the jugular vein (Larsen et al.. 1956; Huber et al., 1961; Wright et al., 1966; Little et al., 1968; Coombe and Smith, 1974) or the iliac artery ( Huntington and Reynolds, 1986) . These results strongly suggest that the glucose absorptive capacity of the small intestine is greater than the rate at which starch is hydrolyzed and the resulting glucose is absorbed. Glucose absorption can occur either by passive diffusion or by active transport (White et al., 1971) . The maximal velocity (V max) for Na+-dependent active transport of D-glucose in the sheep small intestine is 10-fold lower than that in pigs ( Wolffram et al., 1986) . When glucose was infused at 20 g/h, there was 1.1 mM glucose in ileal digesta (Table l), suggesting that small intestinal active transport of glucose was saturated. The fact that glucose absorption continually rose with increased glucose infusion suggests that passive diffusion of glucose across the small intestine may have predomi-KREIIU3hfEE.R ET AL. In our studies, when starch or dextrin was infused at 40 or 60 g/h. glucose concentration in ileal digesta ranged from 1.8 to 6.0 mM (Tables 2 and 3) . When starch or dexuin was infused at 60 g/h, ileal glucose flow accounted for 5.8 and 7.3%, respectively, of the infused carbohydrate passing the ileum. When gelled corn starch was abomasally infused into sheep, 12% of the infused carbohydrate passing the ileum was in the form of unpolymerized glucose (Mayes and p)rskov, 1974) . The amount of glucose passing the ileum indicates that complete starch hydrolysis occurred at a faster rate than glucose transport in distal segments of the small intestine.
Alpha-1,4 and a-1,6 hydrolysis is carried out by mucosal disaccharidases in the unstirred water layer (Dahlqvist, 1970) , and in vitro it has been shown that hydrolysis of disaccharides begins to decline after 10 to 15% of the substrate has been hydrolyzed, suggesting endproduct (glucose) inhibition (Dahlqvist, 1964) . Therefore, the presence of free glucose in ileal fluid when starch was infused (Table 2; 60 0). Mayes and 0rskov, 1974 ) might be interpreted to indicate that active transport of glucose across the small intestine was exceeded and the resultant accumulation of endproduct (glucose) in the unstimd water layer reduced a-1,4 and a-1,6 hydrolysis by intestinal disaccharidases.
Regardless of potential limitations, the capacity for small intestinal starch and dextrin hydrolysis that could be accounted for as net glucose absorption was maximized at the lowest infusion level (20 g/h) for both starch (Table 2 ) and dexnin (Table 3) . Because we used no carbohydrate infusion below 20 g/h, it is important to note that the true "saturation" point in our study may have been even lower than that amount.
Small Intestinal Carbohydrate Disappearance. Owens et al. (1986b) reported that 27% of starch intake escapes ruminal fermentation in finishing cattle fed high-grain diets based on corn or sorghum. This level of digestion would equate to approximately 60 g/h of starch flowing to the small intestine in a steer consuming 10 kg of an 85% grain diet.
Even though small amounts of infused carbohydrate passed the ileum with the initial carbohydrate infusion (20 g/h). increasing carbohydrate infusion increased the amount of carbohydrate disappearing within the small intestine (Figure 2 ). This observation is consistent with a review by Owens et al. (1986b) that stated that cattle fed "typical" high-grain diets have no plateau in the amount of starch disappearing in the small intestine.
With the 60 g/h infusion, 71% of infused glucose, 55% of infused starch and 79% of infused dextrin disappeared in the small intestine. The small intestinal disappearance rate for starch and dextrin is also consistent with comments of Owens et al. (1986b) . In cattle fed high-grain diets, 47 to 88% of starch presented to the small intestine disappears. In our study, a greater amount of glucose disappeared in the small intestine than starch, in agreement with Henschel et al. (1962) and Larsen et al. (1956) .
The greater small intestinal disappearance of dextrin than of starch in our study indicates that starch's granular structure may partially inhibit small intestinal disappearance. Also, it should be pointed out that the starch source in our studies was in a purified form. Starch granules in grain are surrounded by a protective matrix that may further reduce small intestinal starch hydrolysis. Note, however, that net glucose absorption and changes in arterial glucose concentrations between the starch and dextrin infusions were very similar (Tables 2 and 3 ). If active transport of free glucose coupled with brush border hydrolysis is a rate-limiting process, then the similarity in net glucose absorption between starch and dextrin would be expected.
Owens et al. (1986b) reported that, theoretically, starch digestion in the small intestine is 42% more efficient than starch digestion in the rumen. If starch that escapes rumen fermentation is digested in the small intestine to an extent exceeding 70% of that in the rumen, ruminal starch escape would be beneficial. Using a value of 75% for ruminal starch digestibility, small intestinal disappearance should exceed 53%. Our data suggest that this value would not be attained if starch flow to the small intestine exceeded 60 g/h in a 300-to W-kg steer. Based on values for net glucose absorption (Table 2) , the capacity for efficient starch digestion might be exceeded easily.
Fate of Small Intestinal Carbohydrate Disappearance. When glucose was infused abomasally at 60 g/h, 96% of small intestinal glucose disappearance was accounted for as the sum of net glucose absorption and intestinal flow (Figure 2) . When starch and dextrin were infused, this percentage dropped to 66 and 44%. respectively. Even with the 40 s/h infusion, a large portion was unaccounted for. Huntington and Reynolds (1986) reported similar findings. Even though small intestinal disappearance was not measured, they recovered 65% of abomasally infused glucose and only 26% of the abomasally infused starch as net portal glucose absorption. The fact that only a small amount of small intestinal starch disappearance can be accounted for as net portal glucose flux also was observed in steers fed 90% concentrate diets containing either wheat or sorghum (Gross et al., 1988) . Expected small intestinal starch disappearance was 215 vs 1,147 g/d for steers consuming wheat and sorghum diets, respectively (Axe et al., 1987) . Net portal glucose absorption in steers fed sorghum was only 3.78 g/h greater than that in steers fed wheat. In contrast, when Janes et al. (1985a) fed sheep dried grass or ground corn diets, small intestinal starch disappearance was 8.3 and 85.9 g/d, respectively. They reported that 83 to 111% of small intestinal starch disappearance was accounted for as net glucose absorption across the gut. Their venous sampling catheters were located in the cranial mesenteric vein, which allowed for sampling blood draining only the intestines and cecum. A similar experimental approach was used by Reynolds and Huntington (1988a) in steers. They placed catheters in the portal and cranial mesenteric veins and reported that glucose was absorbed on a net basis from steers fed concentrates. However, net glucose flux from the portal-drained viscera was still negative, suggesting that large amounts of glucose were metabolized by stomach tissues.
The large amount of small intestinal starch and dextrin disappearance that did not appear as glucose in portal blood (Figure 2 ) raises a concern about the endproducts of small intestinal starch digestion. Starch may be fermented by microbes in the small intestine. Evidence for such a process is provided by the following observations: 1) the small intestine of mature sheep contain acid-tolerant bacteria at 106 cells/g of digesta that are able to ferment starch and simple sugars (Nicoletti et al., Figure 2A represents glucose infusion, 2B represents starch infusion and 2C represents dextrin infusion. In Figure 2A and 2B, each value is the mean of 12 observations. In Figure 2C each value is the mean of eight observations. All values were adjusted to a glucose equivalent basis and were derived from data in Tables 1 , 2 Mayes and 0rskov, 1974) ; and 3) in our experiments, increased abomasal starch or dextrin infusion tended to increase VFA concentration in ileal fluid. Quantitatively, the increased amount of VFA flowing past the ileum was small compared to small intestinal carbohydrate disappearance. Theoretically, any bacteria growing in the small intestine would not be digested. In arterial and portal blood from four steers across four periods, we were unable to find any effect of dextrin infusion of net VFA absorption (data not shown). It is possible that because our venous catheters were located in the portal vein, any small change in VFA absorption across the small intestine was diluted by VFA flux across the ruminal wall. During the 60 g/h dextrin infusion, if 25 g of small intestinal dextrin disappearance was fermented to acetate, this should have increased portal acetate concentration .39 mM compared to concentrations in steers infused with water only. Acetate portal-arterial concentration differences for steers receiving the dextrin infusions were 1.04, 32, .74 and .80 * .ll (means * SE) for water, 20, 40 and 60 g/h infusions, respectively, and were unaffected (P > .lo) by treatment.
Another route of small intestinal starch disappearance may be this: after starch is hydrolyzed to glucose, the luminal glucose is absorbed across the brush border and used as substrate by small intestinal mucosa. Such a process has been demonstrated in the rat small intestine (Hanson and Parsons, 1976; Porteous, 1978; Shapiro and Shapiro, 1979; Smadja et al., 1988) . Estimates by these researchers are that 40 to 90% of luminal glucose disappearance can be accounted for as being metabolized to lactate. Conversely, Rich-Denson and Kimura (1988) report that this process occurs only to a small extent. Reynolds and Huntington (1988b) reported that values for lactate flux from the mesenteric-drained viscera were similar for steers fed alfalfa or a high-concentrate diet. This suggests that small intestinal starch digestion contributes very little to lactate flux across the gut in steers.
Additional data concerning the fate of starch presented to the small intestine are needed before we will understand how to maximize starch digestive efficiency in beef cattle.
Implications
The process of raw corn starch hydrolysis coupled with glucose absorption in 300-to 400-kg steers is limited to no more than 20 g/h. Even though the total capacity for small intestinal glucose absorption apparently exceeds the rate of small intestinal starch hydrolysis, 6 to 8% of the infused starch escaping small intestinal digestion passed the ileum as unpolymerized glucose. This result indicates that complete starch hydrolysis in distal portions of the small intestine exceeded its capacity for glucose disappearance. A large portion of small intestinal starch disappearance cannot be accounted for as glucose in the portal vein. Possible routes of digestion include microbial fermentation to VFA and small intestinal metabolism of glucose to lactate; however, other data suggest that these routes may be of only minor importance.
